ALZHEIMER'S DISEASE
===================

Alzheimer's disease (AD) is the most common cause of dementia in the elderly. Two neuropathological hallmarks of AD are extracellular Aβ aggregation and intraneuronal neurofibrillary tangles, mainly composed of hyperphosphorylated tau ([@b23-molcell-37-11-767]). Although the exact pathogenic mechanism of AD is still debated, accumulating evidence supports that abnormal aggregation of Aβ in the brain is an early event that triggers pathogenic cascades. Aβ species, including the most abundant Aβ40 and more toxic Aβ42, are produced by two sequential proteolytic cleavages of amyloid precursor protein (APP) by β- and γ-secretases ([@b37-molcell-37-11-767]; [@b58-molcell-37-11-767]). Genetic mutations responsible for dominant early-onset familial AD are found in APP and presenilin 1 and 2, essential components of γ-secretase complex. In general, such mutations increase Aβ production or increase Aβ42 to Aβ40 ratio. However, only less than 1--3% of AD cases account for familial AD carrying these genetic mutations. Most cases of AD are late-onset and most individuals with late-onset sporadic AD (LOAD) do not have mutations that enhance Aβ production. Therefore, defective Aβ clearance may underlie the increase of Aβ level and AD pathogenesis. Although non-genetic environmental factors, such as age and low education, affect the risk of sporadic AD, the strongest genetic risk factor of LOAD is the APOE ɛ4 allele ([@b38-molcell-37-11-767]). Mounting evidence suggests that the influence of apoE on AD may be mainly via its effect on clearance and aggregation of Aβ, even though cellular mechanisms for both processes are still unclear.

SYNAPTIC DYSFUNCTION IN ALZHEIMER'S DISEASE
===========================================

Major clinical characteristic of AD patients is progressive decline in memory with an initial impairment of short-term declarative memory, followed by losses of multiple cognitive functions. Given the fact that synaptic dysfunction is directly related to memory loss, it is important to realize that synaptic loss is an early pathological feature of AD ([@b78-molcell-37-11-767]). In various efforts to find semiquantitative correlations between the progressive cognitive impairment and pathological alterations, such as severity of plaque or neurofibrillary tangles, the best statistical correlation was found between the loss of synaptic density and the degree of cognitive impairment in AD ([@b85-molcell-37-11-767]). Several studies support that loss of synaptic number and density precedes the demise of the neuron ([@b93-molcell-37-11-767]). An increasing line of evidence suggests that accumulation of soluble Aβ may be a key factor of synaptic loss and cognitive impairment ([@b27-molcell-37-11-767]). In addition, synaptic deficit tends to correlate well with soluble Aβ level in various APP transgenic mouse models. Therefore, it appears that lowering soluble Aβ level in the brain is a promising therapeutic strategy to restore synaptic function and prevent cognitive decline.

APOE IN ALZHEIMER'S DISEASE
===========================

ApoE4, found in 65--80% of cases of sporadic and familial Alzheimer\'s disease, increases the occurrence of AD by ∼12 fold in two ɛ4 allele carriers, compared with those with no ɛ4 allele ([@b22-molcell-37-11-767]). Rare apoE2 allele has a protective effect against LOAD compared to other alleles ([@b13-molcell-37-11-767]). Numerous studies demonstrated the differential effect of apoE isoforms on the clearance and aggregation of Aβ ([@b38-molcell-37-11-767]). Although the mechanisms underlying the Aβ-mediated pathological effects of apoE are still not clear, mounting evidence suggests that the physical and genetic interactions between apoE and Aβ may have critical roles in AD pathogenesis. Interestingly, apoE colocalizes with amyloid plaques ([@b60-molcell-37-11-767]). ApoE gene deletion in APP transgenic mice leads to dramatically decreased amyloid plaques without affecting Aβ production ([@b1-molcell-37-11-767]). ATP-binding cassette transporter A1 (ABCA1) overexpression in APP transgenic mice also showed a similar phenotype ([@b92-molcell-37-11-767]). ABCA1-mediated lipidation of apoE may play a key role in facilitating Aβ degradation by Aβ-degrading enzymes ([@b36-molcell-37-11-767]). Furthermore, overexpression of apoE receptor, low-density lipoprotein receptor (LDLR), dramatically decreased Aβ deposition *in vivo* ([@b39-molcell-37-11-767]). These genetic approaches provide strong support for apoE-targeting therapeutic strategy. Indeed, several groups tested whether targeting apoE with a more practical approach would have functional effects on Aβ and other pathological process *in vivo*. For example, an Aβ 12--28 synthetic peptide, which contains the apoE-binding site, reduced cerebral Aβ accumulation in animal models of Aβ amyloidosis ([@b49-molcell-37-11-767]; [@b67-molcell-37-11-767]; [@b76-molcell-37-11-767]; [@b77-molcell-37-11-767]). In addition, apoE mimetic peptide affected APP trafficking and inhibited Aβ production ([@b59-molcell-37-11-767]). Because apoE is tightly related to the regulation of Aβ level and AD pathogenesis, several modes of apoE modulation, such as altering its expression level or status of its lipidation, are pursed as promising therapeutic targets ([@b3-molcell-37-11-767]; [@b8-molcell-37-11-767]; [@b14-molcell-37-11-767]; [@b39-molcell-37-11-767]; [@b40-molcell-37-11-767]; [@b41-molcell-37-11-767]; [@b42-molcell-37-11-767]; [@b52-molcell-37-11-767]; [@b92-molcell-37-11-767];).

GENERAL FUNCTION AND STRUCTURE OF APOE
======================================

ApoE transports cholesterol and other lipids in the plasma and brain through cell surface apoE binding receptors ([@b50-molcell-37-11-767]). In brain, apoE is the predominant apolipoprotein of high-density lipoprotein (HDL)-like lipoprotein particle, whereas ApoA-1 is major form of plasma HDL. Following the receptor-mediated endocytosis of lipoprotein particles, apoE is either degraded or recycled back to cell surface. ApoE is highly expressed in liver and brain. Within brain, apoE is mainly synthesized by astrocytes and to a limited extent by microglia. Cholesterol is a major component of neuronal and glial membranes and myelin sheath and is produced by glia and neuron. However, mature neurons appear not to produce sufficient cholesterol for membrane synthesis and repair. Therefore, lipid transports may be critical to maintaining neuronal activity ([@b17-molcell-37-11-767]).

Human ApoE, composed of 299 amino acids, has two separate N-terminal and C-terminal domains joined by a flexible hinge region. The N-terminal domain and C-terminal domain have the receptor-binding and the lipid-binding region, respectively. There are three major isoforms (apoE2, apoE3, and apoE4) in humans, whereas mice express only one type of apoE protein ([@b38-molcell-37-11-767]). ApoE3 is the most predominant isoform, accounting almost 80% of alleles in general population, while two other forms are minor. Isoforms differ at one or two positions in their primary sequence. ApoE3 has cysteine-112 and arginine-158, whereas apoE4 and apoE2 have arginine and cysteine, respectively at both positions. The differences of one or two amino acids among isoforms significantly alter the apoE's folding structure and change its ability to bind lipid and receptor ([@b54-molcell-37-11-767]). ApoE3 and apoE4 have a much higher affinity to LDLR, compared with apoE2. So far, more than ten receptors of LDLR family have been identified and most members of the LDLR family bind to apoE. In addition to the lipoprotein endocytic function, some apoE receptors also mediate cellular signaling by binding to other extracellular ligands and intracellular adaptors. For example, reelin-mediated signaling through LRP8/APOER2 and very-low-density-lipoprotein receptor is crucial to synaptic plasticity ([@b50-molcell-37-11-767]).

ROLE OF APOE IN SYNAPTIC PLASTICITY AND COGNITION
=================================================

Differential effects of ApoE isoforms on neurite outgrowth *in vitro*
---------------------------------------------------------------------

Although the differential effects of apoE isoforms on Aβ aggregation and clearance have been extensively studied ([@b38-molcell-37-11-767]), Aβ-independent pathogenic mechanisms have not been thoroughly investigated. In addition to their effects on Aβ clearance, apoE isoforms affect synaptic plasticity in an isoform-dependent manner. Neuronal injuries are known to induce apoE expression and such increase in apoE level may help to repair the nervous system by delivering cholesterols and lipids to neurons ([@b54-molcell-37-11-767]). Among the processes associated with synaptic plasticity, the effects of apoE isoforms on a neurite outgrowth have been widely investigated. Neurite is defined as any protruding projection from the neuronal cell body, either axon or dendrite. Most studies have demonstrated that apoE3 isoform promotes neurite outgrowth in primary embryonic and adult cortical neurons, as well as neuronal cell lines ([@b62-molcell-37-11-767]; [@b63-molcell-37-11-767]; [@b84-molcell-37-11-767]). Furthermore, apoE3 was shown to augment neuronal sprouting in a developing organotypic hippocampal slice system ([@b86-molcell-37-11-767]). However, the effect of apoE4 on neurite outgrowth phenotype was not consistent between studies. While some studies reported that apoE4 had detrimental effects on neurite outgrowth ([@b87-molcell-37-11-767]), others found no effects ([@b16-molcell-37-11-767]) or even stimulating effects ([@b69-molcell-37-11-767]).

ApoE isoform dependent synaptic phenotypes in mouse models
----------------------------------------------------------

Findings from *in vitro* cell culture studies appear to be consistent with most results obtained with apoE mouse models ([Table 1](#t1-molcell-37-11-767){ref-type="table"}). For example, compensatory sprouting after entorhinal cortex lesion was impaired in transgenic mice expressing apoE4 under the control of human promoter, compared with apoE3 transgenic mice ([@b95-molcell-37-11-767]). Such synaptic structural differences observed in neurons might explain findings from cognitive performance tests with apoE isoform mice. In transgenic mouse models with neuronal apoE over-expression, apoE4 mice, primarily females, had impairments in learning a water maze test and in vertical exploratory activity, compared with apoE3 mice ([@b71-molcell-37-11-767]). Interestingly, there was no difference in soluble Aβ levels between apoE3/APP and apoE4/APP transgenic mice, suggesting that the differential effect of apoE isoform on cognition may be due to its ability to modulate functional neuronal deficits triggered by Aβ or APP. Using another transgenic mouse model where the apoE isoform is expressed in astrocytes, Hartman et al. also demonstrated that apoE4 mice were more severely impaired in working memory in a radial arm maze test ([@b28-molcell-37-11-767]). Other previous studies also reported an association between the apoE4 and spine deficits *in vivo* ([@b2-molcell-37-11-767]; [@b18-molcell-37-11-767]; [@b35-molcell-37-11-767]; [@b94-molcell-37-11-767]).

Although most studies reported that apoE3 increased synaptic plasticity and had neuroprotective effects to a greater extent, relative to apoE4, the effects of apoE4 were not consistent between studies. Both negative effects and minor beneficial effects on neurites and synaptic functions have been associated with apoE4 ([@b7-molcell-37-11-767]; [@b57-molcell-37-11-767]; [@b90-molcell-37-11-767]). In one sense, such conflicting data from *in vivo* studies reflect the inconsistent results obtained from *in vitro* experiments ([@b16-molcell-37-11-767]; [@b69-molcell-37-11-767]; [@b87-molcell-37-11-767]). Unlike other two isoforms, apoE2 has not been studies extensively but consistent data appear to support its neuroprotective function ([@b32-molcell-37-11-767]). In one study, dendritic spine loss in the hippocampus of young APP transgenic mice was ameliorated by apoE2 over-expression with a transferrin promoter, although an age-dependent reduction in spine density was not prevented by apoE2 expression ([@b51-molcell-37-11-767]).

It has been generally assumed that matching apoE protein levels between isoform mice will circumvent any potential artifacts due to the difference in apoE expression levels. Indeed, since most apoE transgenic mice were generated with promoters from extraneous genes, such as neuron-specific enolase, glial fibrillary acidic protein, thymocyte differentiation antigen 1, or platelet-derived growth factor, transgenic founder lines with equivalent apoE expression levels between isoforms were often selected for further experiments ([Table 1](#t1-molcell-37-11-767){ref-type="table"}). However, later studies strongly suggest that there are considerable differences in apoE protein levels between *APOE* isoform knock-in mice where apoE transcription is driven by an endogenous *APOE* promoter ([@b38-molcell-37-11-767]). Given significant differences in apoE levels under normal physiological conditions, the relevance of findings from transgenic mice with equivalent apoE protein levels becomes less straightforward.

However, some phenotypes observed in apoE transgenic mouse models have been reproduced in apoE knock-in mouse models. For example, apoE4 knock-in mice showed significantly reduced excitatory synaptic transmission and dendritic arborization in the absence of noticeable neuropathological changes ([@b94-molcell-37-11-767]). Consistent with such synaptic deficits, long-term potentiation (LTP) was reduced in apoE4 knock-in mice, compared with apoE3 mice ([@b88-molcell-37-11-767]), although another study showed young apoE4 mice had enhanced LTP ([@b45-molcell-37-11-767]). Differences in experimental conditions, such as high-frequency stimulation versus tetanic stimulation, might contribute to the apparently conflicting results. Surprisingly, LTP in apoE2 knock-in mice was significantly less than apoE3 mice and comparable with apoE4 mice ([@b88-molcell-37-11-767]). Although it was hypothesized that the weaker binding affinity of apoE2 to apoE receptors may underlie the LTP reduction in apoE2 mice, further studies are needed to clarify the underlying mechanism. Nonetheless, subsequent studies demonstrate that apoE4 knock-in mice, particularly females, have deficits in spatial memory performance tests, compared to apoE3 mice ([@b4-molcell-37-11-767]; [@b25-molcell-37-11-767]). As discussed here, apoE isoforms have differential effects on synaptic function in mouse models. However, whether these findings from mouse models are directly relevant to human AD still remains unknown.

Apparently normal cognition in a human subject without functional APOE gene
---------------------------------------------------------------------------

Recently, one study provided a unique insight into a longstanding debate in the AD field ([@b55-molcell-37-11-767]). An apparently simple question of whether we should increase or decrease apoE levels for AD therapy has been a controversial topic in the field ([@b66-molcell-37-11-767]). Some groups and pharmaceutical companies are trying to "increase" the levels of apoE, even apoE4, to boost apoE's ability to transport lipid and clear/degrade Aβ levels, whereas others are developing strategies to "decrease" apoE levels or block apoE4's toxic effects. These entirely opposite approaches are based on completely different assumption of disease mechanism. Does apoE4 affect AD risk by the gain of detrimental functions or the loss of protective functions? While apoE does have lipid transporter functions under normal physiological conditions, whether its physiological function is directly relevant to its role under pathological AD conditions is still unknown. One of the strongest arguments against the apoE reduction approach was the impairment of cholesterol and other lipid transport in the brain, leading to severe cognitive impairment. The study by [@b55-molcell-37-11-767] provides one of the first answers to this critical question. The authors identified a patient with no detectable apoE level due to a frameshift mutation in APOE gene. As expected from apoE's role in lipid transport, this patient had high levels of cholesterol and triglycerides in plasma, leading to familial dysbetalipoproteinemia. However, he did not have any severe abnormality in his cognition and other neurological function. In addition, the levels of Aβ42, total tau, and phospho-tau in his cerebrospinal fluid were normal. These findings suggest that therapeutics aiming to reduce apoE levels in the brain will unlikely cause adversary cognitive effect. While this study apparently provides support for apoE reduction approach, the results do not necessarily provide direct insight into the role of apoE in AD pathogenesis. The elegant study by Mak et al., addressed the normal physiological function of apoE in the brain. Further follow-up study with this patient during his aging and the lipoprotein profiles from his cerebrospinal fluid will dramatically enhance our understanding of apoE in AD pathogenesis.

POTENTIAL CELLULAR AND MOLECULAR MECHANISMS
===========================================

Regulation of neurite outgrowth by LRP1
---------------------------------------

Membrane trafficking and cargo delivery along the actin and microtubule cytoskeleton are essential for dendritic and axonal outgrowth and guidance. Neurites are packed with actin, microtubule bundles, and microtubule-binding proteins, such as tau protein. Numerous studies demonstrated that apoE isoforms affect neurite outgrowth in an isoform-dependent manner. The stimulation of neurite outgrowth by apoE is, in part, mediated by LRP1 ([@b21-molcell-37-11-767]; [@b30-molcell-37-11-767]; [@b61-molcell-37-11-767]; [@b63-molcell-37-11-767]). Attenuation of apoE's effect on neurite outgrowth by anti-LRP1 antibody or receptor associated protein (RAP) provides strong evidence for the involvement of LRP1. In addition, [@b80-molcell-37-11-767] demonstrated that activation of LRP1 by other ligands, such as tissue-type plasminogen activator (tPA) or α2-macroglobulin, activates Src family kinase and TrK receptor in neurons ([Fig. 1B](#f1-molcell-37-11-767){ref-type="fig"}). Phosphorylation of Trk receptors was necessary for neurite outgrowth. However, it is unknown whether apoE can also activate the same signal transduction pathway triggered by other apoE receptor ligands. If the LRP1-mediated effect is the major mechanism, it is unclear how apoE isoforms would exert the differential effects on neurite sprouting, given the fact that LRP1 has little isoform-specific difference in its binding affinity to apoE3 and apoE4 ([@b47-molcell-37-11-767]; [@b75-molcell-37-11-767]).

Regulation of neurite outgrowth by syndecan family member proteins
------------------------------------------------------------------

Other apoE receptors could also mediate apoE isoform-specific effect on neurite outgrowth by its differential biding affinity to each apoE isoform. For example, apoE is known to bind to heparan sulfate proteoglycan (HSPG) through its N-terminal domain (142--147 amino acid domain) ([@b53-molcell-37-11-767]). HSPGs consist of a core protein and one or more covalently attached heparin sulfate polysaccharides. They are localized at the basal lamina and in the dendrites. HSPG can take up extra-cellular apoE-containing lipoproteins, independent of LDLR and LRP1. Higher intracellular levels of apoE3, compared to apoE4, in neurons are associated with isoform-specific effects of apoE on neurite outgrowth phenotype. Interestingly, this differential retention of apoE isoforms in neurons is mediated by HSPG ([@b34-molcell-37-11-767]).

Among many HSPGs, syndecan family member proteins appear to be promising candidates that might mediate apoE-isoform dependent neurite outgrowth and dendritic spine maturation. The members of syndecan family are transmembrane HSPGs and their core proteins share a highly conserved cytoplasmic domain. Cytoplasmic domain interacts with actin filaments and tyrosine kinases of the Src family ([Fig. 1A](#f1-molcell-37-11-767){ref-type="fig"}). For example, N-syndecan (syndecan-3) acts as a receptor for heparin-binding growth-associated molecule (HB-GAM) and promotes neurite outgrowth ([@b43-molcell-37-11-767]). Upon HB-GAM binding, N-syndecan facilitates neurite outgrowth through a signal transduction system involving tyrosine kinases of the Src family ([@b44-molcell-37-11-767]). In addition, syndecan-2 also induces the maturation of dendritic spines. Deletion of the C-terminal region of syndecan-2 abrogates the effect of syndecan-2 on spine formation ([@b19-molcell-37-11-767]). Activation of EphB2 receptor tyrosine kinase and the subsequent interaction of syndecan-2 with PDZ domain proteins, such as syntenin and calcium/calmodulin-dependent serine protein kinase, appear to relay the extracellular signals to the intracellular cytoskeleton/signaling complex ([@b20-molcell-37-11-767]). Interestingly, syndecan-1 is known to bind and internalize apoE-containing lipoprotein particles, independent of LRP1 in certain cell types ([@b82-molcell-37-11-767]; [@b96-molcell-37-11-767]). Presumably, the interaction of apoE with syndecan occurs through electrostatic interactions between positively charged helix 4 domains of apoE and negatively charged sulfate groups in syndecan HSPG ([@b53-molcell-37-11-767]). Binding of apoE to syndecan may induce conformational changes in syndecan, leading to recruitment of kinases, PDZ-domain proteins or cytoskeletal proteins. The recruitment of cytoplasmic proteins in turn may trigger a signal cascade that regulates actin assembly at the neurites ([Fig. 1A](#f1-molcell-37-11-767){ref-type="fig"}).

Regulation of actin dynamics by LRP8/ApoER2
-------------------------------------------

Dendritic spines are small protrusions along the dendrite. They are the primary sites of excitatory input on most neurons. Dendritic spine dysfunction and degeneration are thought to be one of the earliest pathogenic events in AD and correlate well with cognitive deficits in AD patients ([@b78-molcell-37-11-767]). Long-term changes in synaptic activity are associated with alterations in spine number, size, and shape. Based on their shapes, spines are classified as thin, stubby, or mushroom spines. Mushroom spines are considered as relatively more stable connections, while thin spines are dynamic and can respond to synaptic activity ([@b4-molcell-37-11-767]). Synaptic enhancement leads to an enlargement of thin spines into mature mushroom spines. Spines with large heads are generally stable and express large numbers of AMPARs, and contribute to strong synaptic connections. In contrast, spines with smaller heads are less stable and represent weak synaptic connections.

Dendritic spine morphogenesis is dynamically regulated primarily by the polymerization and depolymerization of actin filaments within spines. Dynamic rearrangements of actin are regulated by Rho-like small GTPases, Rho-guanine-nucleotide exchange factors (GEFs) and Rho-GTPase activating proteins (GAPs) ([@b12-molcell-37-11-767]; [@b68-molcell-37-11-767]). For example, stimulation of NMDA receptors during the LTP induction activates Rho GTPases signaling pathway that regulate myosin II motors ([@b73-molcell-37-11-767]). The destabilization of the actin cytoskeleton by myosin II motor allows the synapse to be rebuilt in order to store new information.

Currently, there is no strong evidence that directly links apoE with the modulation of actin dynamics. However, one study demonstrated that activation of apoE receptor family member, LRP8/ApoER2, inhibits the function of n-cofilin and this subsequently leads to stabilization of actin filaments ([@b9-molcell-37-11-767]) ([Fig. 2](#f2-molcell-37-11-767){ref-type="fig"}). Non-muscle cofilin (N-cofilin) is found in the neurons and functions as an actin-depolymerizing protein. Modulation of cofilin activity has been directly linked with alteration in dendritic spine morphogenesis, synaptic transmission and plasticity ([@b48-molcell-37-11-767]; [@b79-molcell-37-11-767]). Binding of reelin to ApoER2 induces activation of cytosolic adapter protein Disabled-1 (Dab1) and Src family kinases ([Fig. 2](#f2-molcell-37-11-767){ref-type="fig"}). Through a series of phosphorylation events, n-cofilin becomes inactivated and F-actin cannot be depolymerized in the leading processes of migrating neurons. Stabilization of the actin cytoskeleton by the reelin-ApoER2 signaling pathway might occur at the dendritic spine as well. If so, modulation of actin dynamics at spine will directly affect dendritic spine morphogenesis. Interestingly, apoE is known to interfere with reelin binding to ApoER2 ([@b15-molcell-37-11-767]). It is tempting to speculate that apoE may mediate its effect on dendritic spine morphogenesis by indirectly affecting reelin signaling ([@b65-molcell-37-11-767]). However, it is unknown whether cofilin and other small GTPase actin regulators directly mediate differential effects of apoE isoforms on spine growth and elimination via apoE receptors. Alternative mechanisms include the differential effect of apoE isoform on glutamate receptor and apoER2 recycling ([@b11-molcell-37-11-767]). Further *in vivo* study is needed to determine the direct relevance of these findings on AD pathogenesis.

New emerging role of microtubules in dendritic spine morphogenesis
------------------------------------------------------------------

It has been generally believed that microtubules are stable and they are distributed only along the dendritic shaft but not in dendritic spines. Therefore, most studies have investigated the dominant roles of actin in dendritic spine morphogenesis and have ignored the potential function of microtubules in dendritic spine. However, emerging data suggests that neuronal microtubules are dynamic and can transiently move from the dendritic shaft to dendritic spines ([@b26-molcell-37-11-767]; [@b31-molcell-37-11-767]). Neuronal activity-dependent transient translocation of microtubules into dendritic spines may be mechanistically linked with the formation of spine head protrusions and rapid spine dynamics ([@b33-molcell-37-11-767]). The direct link between microtubule dynamics and actin dynamics warrant further investigation.

Given the fact that tau, the major component of neurofibrillary tangle, is a microtubule stabilizing protein, there have been several studies aimed to investigate the functional link among apoE, tau, and microtubules. The effect of apoE on microtubule organization may be mediated by alteration in microtubule-associated protein tau. Interestingly, apoE3 binds avidly to tau through the direct interaction between the N-terminal domain of apoE and the microtubule-binding repeat regions of tau, whereas apoE4 does not interact strongly with tau ([@b83-molcell-37-11-767]). However, there is no strong evidence demonstrating apoE's localization to the neuronal cytosol under normal physiological conditions. Limited data suggest that a particular fragment of apoE (1--272 amino acids) can translocate to cytosol and interacts with cytoskeletal proteins ([@b10-molcell-37-11-767]). The physiological relevance of the interaction between apoE fragment and tau warrants further mechanistic studies. However, apoE could affect tau and microtubule by indirectly modulating the signal transduction pathways that regulate tau kinases' activity. For example, the addition of apoE2 caused the strong decrease in phosphorylation of GSK 3β and tau, apoE4 the least ([@b29-molcell-37-11-767]). In addition, RAP treatment abolished the effect of apoE on tau phosphorylation. This finding strongly suggests that the alteration of tau phosphorylation by apoE is mediated by its extracellular interactions with apoE receptors. Although *in vitro* studies have provided some insights, *in vivo* studies providing more definitive mechanisms behind the apoE isoform-dependent effects on tau are still lacking. If there is a causal relationship between apoE and tau, it will be critical to understand whether this is due to a direct or indirect interaction.

CONCLUSION
==========

Although there have been numerous reports demonstrating differential roles of apoE isoforms in various aspects of AD pathogenesis, the underlying mechanism for the increased risk of AD by apoE4 is unclear yet. Our studies suggest that the main effect of apoE on risk for AD is via its effect on Aβ clearance and aggregation ([@b8-molcell-37-11-767]; [@b39-molcell-37-11-767]; [@b40-molcell-37-11-767]; [@b41-molcell-37-11-767]; [@b52-molcell-37-11-767]). However, apoE modulates not only Aβ clearance but also other neuropathological changes observed in AD, such as cerebral energy metabolism, neuroinflammation, neurovascular function, neurogenesis, and synaptic plasticity. Given the large overlap between Aβ- and ApoE-mediated pathologic effects, it is difficult to dissect out the exact pathological mechanism mediated by ApoE4 from the purely Aβ-mediated effects in human AD cases. Although the presence of *APOE ɛ4* allele does not necessarily cause AD, apoE may cooperate with Aβ to accelerate AD development and progression in an isoform-dependent manner. With a series of failures in Aβ-targeting clinical trials, development of alternative therapeutics for AD is urgently needed. In this regard, targeting apoE may be an attractive therapeutic strategy for AD, either by targeting apoE alone or targeting apoE and Aβ together.

As overviewed in this review, apoE regulates synaptic function in an isoform-dependent manner. In general, apoE4 is associated with detrimental effects on synaptic plasticity, compared with other isoforms. However, there are a significant amount of conflicting findings in isoform-dependent roles of apoE in synaptic plasticity. We cannot exclude the possibility that the absence of more neuroprotective (or less neurotoxic) apoE2 and apoE3, rather than the presence of more neurotoxic apoE4, increases the risk for AD. Clarifying conflicting findings and understanding whether the apoE4-mediated effect on synapse and cognition is due to a gain of detrimental functions or loss of protective functions will have critical implications for the development of apoE-targeting treatments. Therefore, further studies are warranted to determine how apoE affects synaptic plasticity and other AD pathologies.
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![Signal transduction pathways to regulate neurite outgrowth. (A) Syndecan family member proteins may mediate apoE-dependent neurite outgrowth by interacting with actin filament and Src family kinase (SFK). (B) Activation of LRP1, triggered by ligands such as tissue-type plasminogen activator (tPA) or α-2-macroglobulin, activates SFK and TrK receptor, leading to neurite outgrowth.](molcell-37-11-767f1){#f1-molcell-37-11-767}

![Role of ApoER2 in dendritic spine morphogenesis. Binding of reelin to ApoER2 induces activation of Diabled-1 and SFK. This subsequently inhibits function of n-cofilin, which leads to filament stabilization.](molcell-37-11-767f2){#f2-molcell-37-11-767}
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Summary of *APOE* transgenic and knock-in mouse models

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Transgene                                     Promoter             Phenotypes                                                                                                                                           Age (months)                    Note                                                                                                         REF
  --------------------------------------------- -------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------- ------------------------------------------------------------------------------------------------------------ ----------------------------
  Human apoE3,E4                                Human apoE           Impaired neuronal plasticity in apoE4 TG compared to apoE3 TG after entorhinal cortex lesion                                                         3                               Measured inner molecular layer and immunoreactivity of synaptophysin and GAP-43                              ([@b95-molcell-37-11-767])

  Human apoE3,E4                                NSE                  Impairment of WM task and vertical exploratory behavior in apoE4 TG compared to WT and apoE3 TG                                                      5--6                            More susceptible in female and aged mice                                                                     ([@b70-molcell-37-11-767])

  Human apoE3,E4 TG crossed with human APP      NSE                  ApoE3 TG is less susceptible to the detrimental effect of APP/Aβ on WM performance than apoE4 TG                                                     6                               More susceptible in female and aged mice                                                                     ([@b71-molcell-37-11-767])

  Human apoE3,E4 and apoE KO                    GFAP                 ApoE3,E4 TG and KO were emotionally more reactive than WT. ApoE4 TG showed impaired performance in RAM                                               5--14                           Performed other multiple cognitive tests                                                                     ([@b28-molcell-37-11-767])

  Human apoE2,E3,E4 and apoE KO                 Human apoE           ApoE4 TG had synaptic loss accompanied by an increase in synapse size during aging, compared to the other genotypes                                  6--24                           Measured synapse per neuron ratio and synapse size in dentate gyrus                                          ([@b7-molcell-37-11-767])

  apoE KO                                       N/A                  Infusion of apoE3 and E4 into apoE KO mice improved WM performance, compared to apoE KO                                                              8                               Infused recombinant apoE3 and E4                                                                             ([@b57-molcell-37-11-767])

  Human apoE3,E4 and apoE KO                    Human apoE           ApoE3 expression preserved neuronal integrity in aged mice better than apoE4 expression or apoE KO did                                               12                              Performed WM and measured immunoreactivity of synaptophysin and GAP-43                                       ([@b90-molcell-37-11-767])

  Human apoE2 TG crossed with Tg2576 or PDAPP   Human transferrin    Spine density loss was ameliorated by apoE2 overexpression both in Tg2576 and PDAPP                                                                  2,5,8 (PDAPP) 4.5,11 (Tg2576)                                                                                                                ([@b51-molcell-37-11-767])

  Human apoE3,E4                                NSE                  ApoE3, but not apoE4, expression protected against neuronal damage and the age-dependent neurodegeneration compared to apoE KO                       3--4, 7--9                                                                                                                                   ([@b6-molcell-37-11-767])

  Human apoE2,E3,E4 KI crossed with R1.40 APP   endogenous           All human apoE genotypes had increased brain cholesterol and Aβ levels                                                                               28 days                         Differential effect of apoE on cholesterol metabolism and Aβ levels in periphery relative to CNS             ([@b56-molcell-37-11-767])

  Human apoE3,E4 KI and Arg-61 apoE             endogenous           The levels of apoE4 and Arg-61 apoE in brain were lower than the that of apoE3 and WT, respectively                                                  5, 12, 24                       Domain interaction was introduced in Arg-61 apoE mice by gene targeting                                      ([@b72-molcell-37-11-767])

  Human apoE3/3, E4/4, E3/0 KI                  endogenous           Inflammatory response; apoE4/4 \> apoE3/0 \> apoE3/3                                                                                                                                 Inhibition of inflammation depends upon the dose of available apoE3 protein                                  ([@b91-molcell-37-11-767])

  Human apoE2/2,E3/3,E 4/4 KI                   endogenous           Genotype dependent apoE level; apoE2/2 \> apoE3/3 \> apoE4/4                                                                                         3--5                            Preferential degradation of apoE4 in astrocyte may lead to reduced secretion and reduced brain apoE4 level   ([@b74-molcell-37-11-767])

  Human apoE3/3,E4/4 KI                         endogenous           Reduced excitatory synaptic transmission and dentritic arborization in the amygdala of apoE4 KI compared to E3 KI                                    30 weeks                        No significant gliosis, amyloid deposition or neurofibrillary tangles in apoE4 KI mice                       ([@b94-molcell-37-11-767])

  Human apoE2,E3, E4 KI and apoE KO             endogenous           LTP magnitude;\                                                                                                                                      2--4                                                                                                                                         ([@b88-molcell-37-11-767])
                                                                     WT and apoE3 \> apoE KO and apoE2 \> apoE4                                                                                                                                                                                                                                                        

  Human apoE3,E4 KI                             endogenous           Hippocampal LTP was enhanced at a younger age in apoE 4 KI but not in apoE3 KI                                                                       8 weeks, 6--7                   Showed age dependent effect                                                                                  ([@b45-molcell-37-11-767])

  Human apoE3,E4 KI and apoE KO                 endogenous           ApoE4 KI, predominantly in female, showed deficit in spatial memory compared to apoE3 KI                                                             4--5                                                                                                                                         ([@b25-molcell-37-11-767])

  Human apoE3, E4 KI and apoE KO                endogenous           ApoE4 KI showed impaired performance in WM and fear conditioning task                                                                                15--18                          Female apoE4 KI was more deteriorated                                                                        ([@b4-molcell-37-11-767])

  Human apoE2,E3,E4 KI                          endogenous           ApoE4 KI showed reduced cortical dendritic spine density and complexity in cortex compared to other KI mice                                          4weeks, 3, 12                   Showed age dependent effect                                                                                  ([@b18-molcell-37-11-767])

  Human apoE2,E3,E4 KI and apoE KO              endogenous           LTP was inhibited by oligomeric aβ 1--42 with susceptibility of; apoE4 \> apoE3 = apoE KO \> apoE2                                                   2--4                            apoE4: gain of negative function apoE2: loss of protective function                                          ([@b89-molcell-37-11-767])

  Human apoE3,E4 KI                             endogenous           ApoE4 KI exhibited deficits in RAM, which was improved after exercise.                                                                               10--12                                                                                                                                       ([@b64-molcell-37-11-767])

  Human apoE3,E4 KI crossed with human APP      endogenous           apoE4 KI showed reduction in locomotor activity and cognitive impairment compared to apoE3 KI                                                        6--7                                                                                                                                         ([@b46-molcell-37-11-767])

  apoE KO                                       N/A                  Impaired memory in apoE KO mice Decreased cholinergic activity in hippocampus and frontal cortex of apoE KO                                          6                                                                                                                                            ([@b24-molcell-37-11-767])

  Human apoE2,E3,E4 KI                          Endogenous or GFAP   Cognitive performance decreased with age in all isoform mice. ApoE4 KI had better cognitive performance and higher anxiety than apoE2 and apoE3 KI   6--8, 10--13, 14--22            Used young, middle-aged and old females                                                                      ([@b81-molcell-37-11-767])
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

REF, reference; NSE, neuron-specific enolases; GFAP, glial fibrillary acidic protein; KO, knock-out; KI, knock-in; TG, transgenic mouse; WM, water maze test; RAM, radial arm maze test; LTP, long term potentiation
